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LIST OF SYMBOLS AND ABBREVIATIONS
A Area for heat transfer.
Cp Specific heat.
D Inside diameter of coolant passage.
f Friction factor, .046/(Re)·2.
G Mass velocity of coolant, up.
g Acceleration due to gravity.
h Heat transfer coefficient.
J Work conversion factor.
k Thermal conductivity.
L Length of coolant passage in heat source.
n Number of coolant passages of diameter D and length L.
Nu Nusselt Number, hD/k.
AP Pressure drop of coolant across heat source.
Pr Prandtl Number, Cpt'/k.
Q Rate of heat removal.
Re Reynolds Number, Dup/~.
T Temperature.
AT Temperature rise of coolant across heat source.
At Average temperature difference between wall of heat transfer
passage and bulk temperature of coolant.
,
U Overall heat transfer coefficient.
u Average. velocity of coolant in heat source passage.
Vc Volumetric flow rate of coolant.
Vm Volume of metal in tube wall.
Vh Volume of coolant in passage of heat source.
Vt Total volume of tube metal and coolant in tube.
vi
W Work required for pumping the coolant.
w Mass rate of flow of coolant.
Greek
~ Coefficient of cubical expansion.
A Tube wall thickness.





The need for a method of heat transfer at high temperatures has a-
risen, which need calls for new engineering techniques not previously
used. One of the techniques which must be mastered before this proposed
heat transfer can be effected is the efficient use of a suitable heat
transfer medium at elevated temperatures.
In the past, the conventional method of converting heat into use-
ful work consisted of generating steam in an oil or coal fired boiler
and routing the steam to a turbine where it could be converted into use-
ful work.
With a heat source of the order of lOOooF, it is necessary to con-
sider media other than steam to carry the heat away from the heat source.
In this thesis, I propose to investigate sodium as a heat transfer med-
ium at high temperatures and to arrive at a conclusion as to its feasi-
bility for this use. Limitations in its use will be discussed and weighed
for their relative restrictive powers.
1
II. GENERAL CONSIDERATIONS
When we suggest sodium as a possible liquid metal for use in the
removal of high temperature heat, we immediately think of the many dan-
gers which are inherent in the handling of the metal. It reacts so vio-
lently with water that it is a menace to any personnel who might be in
the vicinity. This hazard must be overcome by making the system enclos-
ing the sodium absolutely leak proof. This is a major achievement in
itself. A closed system can be made leak proof with a fair degree of
reliability if there are no moving parts, but with moving parts the
probability of leaks increases rapidly as the number of moving parts
increases.
Let us regard the circulation problem for sodium. In the past, some
experience has been gained in moving sodium in piping systems by means of a
pressure exerted by an inert gas, such as argon. Such a method is satisfac-
tory in a system that is not entirely filled with sodium and in which a sup-
ply of gas can be provided to move the liquid sodium in one direction. But
in a recirculating system such as would be necessary in this case, we would
have to provide a pump which could continuously recirculate the sodium in
the closed loop. As I see the problem, there are two possibilities for
such a pump, namely, a mechanical pump or an electromagnetic pump.
If we use a mechanical pump in our system, we shall have moving
parts which will present opportunities for leaks to develop. A mechani-
cal pump has not been manufactured which is leak proof, and if one were
devised that were tight, there would always exist the possibility that
a leak would develop in the packing. An effective seal for a mechanical
rotating shaft pump is the bellows-type eccentric drive. A sketch for
2






auch a type of drive is ahown in Figure 1. If auch a drive were used in
the sodium pump, it would always be subject to a rupture in the bellowa
caused by continuous flexing. A rupture would a~ow sodium to escape from
the pump and the hazard of a sodium fire would exist.
In order to circumvent the possibility of a leak from a mechanical
pump, let us consider the feasibility of using an electromagnetic pump
for circulating the sodium. An electromagnetic pump has no moving Parts
and hence the possibility of a leak is greatly reduced. Figure 2 illus-
trates the general principle of an electromagnetic pump. A limitation of
this type of pump is the pumping capacity. Perhaps this limitation could
be reduced by using a number of loops in Parallel instead of a single
loop, and having each of the parallel loops pumped by its own electro-
magnetic pump. Another limitation is high currents in the range of sev-
eral thousands of amperes, and extremely low voltages in the range of
one volt. The lack of moving Parts, however, greatly outweighs the small
capacity, high current, and low voltage, and such a pump I consider to
be highly feasible for use with sodium.
Now let us take a brief look at the properties of liquid sodium as
shown in Table 1.
It ia noted that the melting point of sodium is 20aoF. and the boil-
ing point is 162loF. SUch temperatures will allow the metal to remain in
the liquid state in a high temperature system without the application of
pressure. To maintain the heat transfer medium in a single phase during
operation of the system is a decided advantage. When the plant is shut
down, however, the system must be drained of all sodium so that it will
not cause damage when it freezes and expands. It could be drained into a
suitable freeze tank when the plant is shut down.
In order to recharge the system, the sodium must be melted to the
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Table 1. Physical Properties of Liquid Sodium.
T of Density Viscosity Thermal Cond. Spec.Heat
1b/ft5 1b/ft hr BTU/ft2hr°/f/ft BTU/lb· of
300 57.2 1.32 47.2 .551
400 56.5 1.07 45.5 .355
500 55.5 .91 44.0 .359
600 54.6 .80 45.1 .542
700 55.8 .71 42.1 .544
800 55.0 .65 41.4 .547
900 52.1 .59 40.9 .549
1000 51.5 .55 40.5 .351
1100 50.5 .355
T of Surf.Tension Coer.of Cub.Exp.
Ib/rt Or-I
300 140 x 10-4 145 x 10-6
400 138 x 10-4 146 x 10-6
500 136 x 10-4 149 x 10-6
600 135 x 10-4 152 x 10-6
700 155 x 10-4 154 x 10-6
800 151 x 10-4 156 x 10-6
900 129 x 10::' 158 x 10~




liquid phase and then pumped into the system. Preparatory to starting up
the prime heat source, the liquid sodium should be heated in the piping
by means of heaters surrounding the pipes and circulated by the pump.
This will prevent freezing. After the prime heat source has been cut in
the danger of freezing will have been eliminated•
.
The low viscosity of the liquid metal makes for ease in pumping,
resulting in relatively low pumping loads. At the temperatures consider-
ed pumping should present no problem from a viscosity point of view.
The density of liquid sodium is such that no severe weight stresses
would be placed on the containing system by the enclosed metal, since
the density of sodium is less than that of water.
In general, t];}e following factors should be considered in remov-
ing heat from a heat source:
(1) Minimum power consumption for circulating the coolant.
(2) Minimum volume for heat removal.
(5) Corrosion of the coolant container by the coolant.
(4) Temperature level.
(5) Thermal stability for the coolant.
The above factors will be considered in the succeeding chapters




Let us assume that the power required for pumpi~ the liquid metal




The above equation is valid for media which are incompressible
during the passage through the heat source.





The coefficient of friction, £, is plotted as a function of Rey-
nold's number in Figure 5. The pressure drop arrived at in Equation (2)
is the pressure drop due to flow through the tube of the exchanger.
In addition to this drop there are also entering and leaving losses in
fluid energy which cause a further pressure drop. In general this pres-
sure drop due to entering and leaving losses is,
AP =2.k(~)
(2g )
where k is a constant. Hence we get for the total pressure drop,
(5)
or
(AP)total =4f(lJ(~ + ~k(eU»(D)(2g ) (2g
=(c .... ~k)tt>(2g)



































































since we can consider the area, A, as a constant.
(5)
For laminar flow, the pressure drop across the tube can be calcu-
lated by Poiseuille's Law:
(6)
Since we shall generally encounter Reynold's numbers greater than 2000
we shall be primarily interested in the equations for turbulent flow.
A heat balance at the heat source can be set up by the following
equation:
(7)
Equation (7) accounts for the heat rate of the coolant in passing
through the tubes with a temperature increase AT. Equation (8) accounts
for the heat rate in the tube wall.
Q = hAAt = hn1TDL~t (8)
From McAdams' Heat Transmission, we can evaluate h as follows for
flow inside circular tubes:
• h =0.025(~)0.8(Pr)0.4(~
( po ) (D)
(9)
For turbulent flow, we can solve for the dimensionless, W/Q, by
combining the above equations. This ratio becomes,
10
(10)
In using the equations, average values of physical constants
should be used. For example, the temperature of the coolant at the
prime heat source and at the coolant pump will be quite different and
hence these physical constants should be averaged to cover the range
of temperatures and pressures in the system.
Equation (10) gives the value of the ratio o~ pumping power to
heat transferred. The smaller the value of the ratio W/Q, the better
the system as regards effectiveness of heat transfer and ease of cir-
culation of the coolant. This dimensionless ratio, therefore, is very
useful in evaluating the feasibility of a coolant under specified con-
ditions.
The right hand side of Equation (10) is divided into three brackets.
The first bracket is a constant. The second bracket contains those varia-
bles which are the dimensions of the system and the conditions under which
the system is operating. The third bracket is made up of the physical con-
stants of the heat transfer medium. Let us call this third bracket the
physical property group. By looking at Equation (10) it is easy to see
that the smaller the physical constant group for any given coolant the
better will that coolant be as regards pumping power.
In Table 2 are listed the physical property groups of water and
several liquid metals.
It is noted that under turbulent flow conditions sodium has a lower
physical property group than all other liquid metals listed. Only water
has a lower physical property group. Inasmuch as the data on the physi-
cal properties of the liquid metals are not too reliable, the values of
11
Table 2. Physical Property Groups under turbulent flow conditions
of water and several liquid metals.
Liquid .... =X









the physical property groups are not exactly correct. Temperatures used
are all above melting points, but properties for a given coolant are not
all referred to a specified temperature. Although the values of physical
property groups given are not too accurate, their relative orders of mag-
nitude are fairly reliable, so that some weight can be placed on the
smallness of the physical property group of sodium as compared with the
other liquid metals listed. This gives an indication of the low pumping
power required for sodium as comPared with the other liquid metals.
From the relationship given in Equation (10) we see that Wis in-
versely proportional to Vh2, AT1.5, and btl •5 • It is directly proportion-
al to L2 • It is desirable to have low values of VI and Vh , but inasmuch
as these two quantities work against each other in the equation (when
one becomes small the other becomes large) we must resolve upon a com-
promise between them. This is the task of the designer when he decides
upon the volume to be occupied by the coolant in the heat source. The
three values which can be altered to give low values of W and Vh are
the length· of the coolant passages, L, the temperature difference, l:t. T,
of the coolant as it enters and leaves the heat source, and the temper-
ature difference, At, between the coolant inside tube wall temperature
and outiside tube wall temperature. The heat transfer designer has dir-
ect contro3: aver the value of L, but the values of .4T and At are only
remotely under his control. AT is determined by the temperature level
of the heat source and by the amount of energy that is removed frOID the
coolant by the power conversion machinery. The value of At is determined
by the size and material of the tubes through which the coolant flows.
All other variables being known, the value of L can be determined
once the ratio of wiD has been set. When L has been determined, the
lS
value of D can be determined from the following equation for turbulent
flow conditions:
(11)
Or the number of coolant passages may be computed as follows for
turbulent flow conditions:
(12)
In general, the pumping power is proportional to the volumetric
flow rate of the liquid being pumped and the pressure drop in the liquid.
PlIP _ (ftS) (lb ) _ W~p)
(hr ) (ft2 ) (f)
(....9.- 1) ( 92 ) ~5 (15)
W" <Cp4 T f)(Cp2f<AT)2)"'" C/1f (AT)3
If we consider the heat rate and temperature drop as being constant
we can compare the pumping powers required for different fluids on the
following basis:
(14)
Using the above equation as a means of comparing coolants we ob-
tain values of pumping horse powers relative to sodium for various
coolants as shown in Table 5. Glancing at this table gives one the
impression that sodium is all. efficient pumping fluid~ requiring little
pumping power in comparison with some of the other media listed.
The values of the pumping horse powers required for helium and air
are somewhat misleading. The figures listed in Table 5 are for all of
14
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the heat transfer media passing through. tubes of equal diameters and
equal lengths. The pumping horse powers for air and helium could be
greatly reduced by using more and larger tUbes than we would use for
a liquid metal. Therefore, the comParative values of sodium and air
or helium are not quite valid as shown in Table 5. We would find it
feasible to use air or helium only if these media occupied a large
volume in the prime heat source, but if the volume is to be small we
must use a liquid coolant in order to keep low pumping powers.
16
rJ. VOLUMEl'RIC AND VELOCITY CONSIDERATIONS
1. Design Equations.
Let us assume a power plant with an output of 8,000 SHP and a ther-
mal efficiency of 25%. Such a plant would require a heat input at the
prime heat source of
(8000/.25 HP) (35000x60 ft.lb/HP-hr) (1.286xl0-3 BTU/ft.lb) = 8.l4xl07 B/hr
Let us further assume the following:
Sodium will be circulated through the prime heat source in type 347
stainless circular tubes whose wall thickness will be proportional to
the diameter. This ratio of wall thickness to diameter will be 0.08.
The heat transfer tubes will be distributed in such a way that each
tube receives heat at the same rate.
The coolant tubes will be straight tubes arranged in parallel.
We shall select three independent variables: L, the length of the
tube; u, the velocity of the sodium in the tube; AT, the temperature
rise of the sodium in passing through the heat source.
For turbulent flow conditions:
Q =hAAT =hnnDLAT





* The constant, 0.004, is based on Martinelli's curves, Figure 4, and. dif-
fers from McAdams' constant, O.02r~ in Equation (9).
Combining Equations (15), (16) and (17) we get,
Combining Equations (18) and (19),
(19).
Substituting the values of the physical constants of sodium, lead,
and helium in Equation (21), we arrive at the following relationships




From the above three equations for sodium, lead, and helium, we
observe that the length of the sodium tubes will be much shorter than
for lead and helium for the same tube diameter and coolant velocity.
This is a decided advantage for sodium from a design point of view.
2. Volumetric Equations.




Using a value of Q equal to 8.14 x 107 BTU/hr, and using the physi-
cal constants for sodium, lead, and helium, we arrive at the following




Vh =4.88 x 10
6 (L/uAT)
Vh = 5.8 x 106 (L/UAT)
Vh =1640 x 10
6 (L/udr)
FrOID these three equations we observe that sodium and lead have
volumes of the same order of magnitude for the same values of L, u, and T.
Helium, on the other hand, requires roughly four hundred times as much
volume for coolant in the prime heat source as does sodium.
The amount of metal in the coolant tube walls will be directly pro-
portional to the amount of coolant in the tubes. This is apparent from the
following set of equations:
~ = .08D
Do =D+~ =D+2x.08D =D~.16D =1.16D
Vt =tr(Do)2L/4 =(1.16)2nD2L/4 = 1.546Vh
(24)
5. Velocity Equations.
Solving for u in Equation (25), we get:
(25)
Substituting the value of Vh from Equation (22) in Equation (25) gives
u = (Q/Cp p)(4/n1tJJ24T)
19
(26)
Let us assume that n = 200, D = 1" = 1/12 1 , AT =250oF. Using the
particular physical constants for Cp and p, and using a value of Q as
given previously, we get the following results for the velocities of




u = 4.97 ft/sec.
u =5.87 ft/sec.
u = 1670 ft/sec.
These results are obtained from Equation (26), and from them we
observe that lead and sodium are within reasonable limits while helium
has a velocity which exceeds the. speed of sound. This of course is im-
possible for helium, and is somewhat misleading. Sin-ee a large volume
of helium would be needed to carry away the heat from the prime heat
source, the volume for the helium should be greater than the volume for
SO<Dum under the same conditions. If such were the case the velocity of
the helium coolant could be brought within reason. Hence from a velocity
point of view, sodium and lead would be suitable if the volumes were





From a heat transfer basis let us consider a system of heat removal
from a prime heat source using sodium, lead, mercury, and helium as coo1-
ants. We shall assume that the heat transfer medium is flowing through
round straight tubes each of which receives heat at equal rates. In ad-
dition we shall make the following assumptions:
Q =8.14 x 107 BTU/hr.
L =2 ft.
n =200 tubes.
AT =950 - 700 =2500 F.
Tav = (950 + 700)/2 = 8250 F.
Di = 1 in.
Do =1.16 in.
Tube wall - Type 547 Stainless.
2. Sodium.
w =.JL-. = = 1.017 x 106 1b/hr. Total
C~T
Through each tUbe, w =1.016 x 106/200 = 5.085 x 105 1b/hr.
Re =Duf/~ - (1/12 it) (5.085 x 105 1bLhr) (4xl44ftr f't2) = 1.214 x 105
I . (.64 1b/ft.hr)
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From curves in Figure 4, we find that for the above values of Re
and Pr moduli, the Nu modulus is
Nu = hD/k = 11.6
h(film) :: 11.6 kiD =11.6 (41.4 B/hr.ft.oF) =5780 B/hr.ft2 of.
(1/12 ft)
In each tube, (8a)
.Aj, ::1TDL :: 1T(1/12)2 = V/6 ft. 2
AUv1 =~ =11"(1.16/12)2 - IT/6 :: .565 ft. 2
mAO/Ai In 1.16/1
Substituting the known values in Equation (8a) we get:
T(h t ) =825+ 412 ='12570F.ea source
5. Lead.
w =...lL- = (8.14 x 107)/(.0574) (250) = .87 x 107 1b/hr. Total
Cp T
Through each tube, w =.455, x 105 1b/hr.
Re :: Dup/JA:: (1/12)(.455 x 105 x 4 x 144/1t') = 4.10 x 105
(2.1 x 2.42)
Pr = Cp~/k :: (.0574)(2.1 x 2.42)/.0584 x 241.9) =.02045
From Figure 4, Nu =46.0
22





























h =NUk/D =46(.0584x241.9)/(1/12) =5150 B/hr.rt2 of.
Substituting the known values in Equation (8a), we get:
8.14 x 107 = At
200 If(515()''n'!6) + .000786
T(heat source) =825 + 471 =1296oF.
4. Mercury.
w = Q/CpAT =(8.14 x 107)/(.0518)(250) =1.02 x 107 Ib/hr. Total
Through each tUbe, w =.51 x 105 Ib/hr.
Re =Dup/~ =(1/12) (.50 x 105 x4 x 144/1\"-) =5.84 x 105
(2.05)
Pr = Cp"'/k =.00685
Nu =25
~ =Nu kiD =23 x 9.58/(1/12) =2590 B/hr.rt2 OF.
Solving Equation (8a), we get:
T(h t ) =825+- 620 =144SoF.ea source
5. Helium.
Through each tube, w = 1.50 x 105 Ib/hr. .
. 24
Re =Dur/~ = (1/12) (1.50 x 105 x 4 x 144/rr) = 2.49 x lOS
(.055 x 2.42)
Pr =Cp~/k =(1.2S) (.055 x 2.42) =.644
(64 x 10=5 x 241.9)
Nu =5S0
h =Nu kID =(5S0) (64 x 10-5 x 241.9)/(1/12) =6S0 B/hr.rt2 OF.
Substituting the known values in Equation (8a), we get:
8.14 x 107 = At
200 __ . 1/(6S0 x Tr/6) ....000786
T(heat source) = 82S~1510 =255SoF.
6. Comparisons.
As seen in the preceding sections or this chapter, sodium,when used
as a heat transfer medium under the same conditions as helium and lead
and mercury, will require a lower temperature at the prime heat source.
This in turn calls for less heat input in the prime heat source and con-
sequently economy of fuel. To obtain a heat transfer medium outlet tem-
perature or 9000F.,it is necessary that the prime heat source temperature





From the results tabulated above it is observed that sodium has good




Density of liquid sodium may be computed by the following empirical
equation:
r =0.9514 - 2.592 x 10-4 T (27)
where r is in gm/cmS, and T is in °C. This equation is reliable to within
:t ~ in the temperature range from the melting point of sodium to 7000 C.
From the above equation we can compute the coefficient of cubical
eXPansion as:
~ =2.952 x 10-4/(0.9514 - 2.592 x 10-4) (28)
The coefficient of cubical expansion for sodium is not too differ-
ent from that of other well known liquids, i.e., f3 at 200 C is 2.07 x 10-4
for water and 1.82 x 10-4 for mercury.
The change of volume of sodium on melting is 2.71% at one atmos-
phere, which is quite normal.
2. Heat Capacity.
The values of heat capacity for sodium at high temperatures are as
- yet not too firmly established. The values listed in Table 1 are believed
to be fairly reliable, but work is being done at the present time at the
Bureau of standards to check and if necessary refine these values.
The specific heat values of the various liquid metals are very im-
portant in the determination of their usefulness as heat transfer media.
Let us look at the specific heats of several liquids: Lithium (1.407
26
cal/gm,oC); Sodium (0.32); Potassium (0.217); Gallium (0.080); Tin (0.057);
Indium (0.057); Mercury (0.0521). The above values are at 100°C.
If we are interested in the ma.:x::i.mum amount of heat that can be ab-
sorbed per unit volume of the liquid we can make a comparison of the me-
tals on this basis in the following table.








Here we notice not too wide a dispersion of the heat transfer qual-
ities when viewed from a volumetric point of view. Sodium and Potassium
have the lowest volumetric values. Gravimetrically considered, sodium is
much better than the other materials with the exception of lithium.
3. Surface Tension.
Surface tension for sodium may be computed from the following formula:
cr= 2ll.5 - 0.04848(TOC) dynes/em.
Values of surface are listed in Table 1.
(29)
4. Thermal Conductivity.
The thermal conductivities of sodium have been very difficult to
determine over a temperature range. The Naval Research Laboratory is at
27
the present time engaged in such research. Their values are in fair
agreement with the values listed in Table 1. In general the following
equation is reliable:
k =0.216 - 1.294 x 10-4r
where k i~ in Cal/cm2,sec,oC/cm, and T is in °C.
Reliabili.ty of Equation (50) ·is t 0.005 cal/cm2,sec,oC/cm.
(30)
5. Heat Transfer Coefficient.
We are particularly interested in the heat transfer coefficient
of sodium in considering the liquid metal as a heat transfer medium. The
heat transfer coefficient will in general be determined by the temperature,
velocity of the sodium, and the diameter of the pipe containing the sodium.
The heat transfer coefficient can be defined by the following equation:
(31)
where Tw is the temperature of the tube wall, and Tl is the temperature
of the liquid.
Actually it is difficult to compute "hit from the above equation,
and a much more simple method is in the relationships that have been
worked out between Reynolds, Prandtl, and Nusselt Numbers. Knowing vel-
ocity and diameter and temperature, we can compute Reynolds number,
Re :: Dup/f.4. Prandtl number can be computed, Pr =Cp~/k. With these two
numbers as arguments we enter Figure 4 and find the corresponding Nusselt
number. With this value known we can compute "h" from Nu = hD/k.
The curves plotted in Figure 4 are based on R.C. Martinelli's work
and are believed to be reliable.
28
6. Melting and Boiling Points.
The temperature raIJge over which sodium is liquid is 97.5°0. to
880°0. This is a fairly good temperature range for use in a high tempera-
ture heat exchanger but the highness of the melting point can act as a
disadvantage. Gallium, for example, has a much better range, extending
from 50°0. to 2000°0. Gallium is undoubtedly the best liquid metal cool-
ant when conSidered from a liquid phase temperature range, but it has
some drawbacks. Tin melts at 251.9°0. and boils at 2270°0. The tempera-
ture range of the liquid state of tin is thus somewhat wider than for
gallium, but the higher melting point of tin, 251.9°0., makes it unde-
sirable. The metal indium (melting point 155°0., boiling point 1450°0.)
is intermediate between sodium and tin in melting points and boiling
points. Its cost, however, is prohibitive, and it is doubtful whether
it could be obtained in sufficient quantities to be used in a heat ex-
changer. Mercury is liquid at room temperature, which is very desirable,
but it has a low boiling point, 55700. The toxic nature of mercury vapor
is a further disadvantage of using it as a coolant. Potassium melts at
62.5°0. and boils at 758°0., which is approximately of the same range as
sodium. It, like sodium, is very reactive with water and water vapor, and
hence presents a hazard similar to sodium. Lithium melts at 186°C., and
boils at 1609°0, a fairly good range except for the high melting point.
Lead melts at 52700. and boils at 1605°0.
Reviewing the above melting and boiling points, we observe that only
two of the materials mentioned have lower melting points than has sodium.
These are gallium and potassium (mercury is not included since it is nor-
mally in the liquid phase). Availability of sufficient amounts of gallium
limit its potentialities and hence it cannot be considered as a serious
contender. Potaspium is quite similar to sodium and its temperature
29
range is favorable. With a melting point of 97.50 0. not too much heat
is required to maintain the metal in the liquid phase which is a de-
cided advantage in its use as a heat transfer medium. The boiling point
at 880°C. is in the vicinity of the melting point of high temperature




Sodium is well known for its great chemical activity. In this chap-
ter we shall consider the activity of sodium with some of the substances
with· which sodium may come in contact in heat transfer work. These sub-
stances which we shall consider are: oxygen, water, and metallic oxides.
1. Sodium and Oxygen.
Oxygen reacts with sodium very readily to form NazO in accordance
with the following reaction:
The heat and free energy of this reaction are:
Energies are in gram calories, and temperatures in OK.
Na20 is a crystalline powder which has corrosive effects on most al-
loys. It should be guarded against in a sodium system because of this ef-
feet, and if it is present it should be removed from the system by cold
traps or filtration. For this reason the sodium .system should be evacuated
down to a fairly good vacuum (less than 100 microns) before the sodium is
admitted.
The vapor pressure of Na20 has been estimated to be:
log Pmm =7.755 - 7704/T
From this equation the normal boiling point of Na20 is computed to be:
T = 7704 =
7.755 - log 760
7704', =7704/4.875 =15800 K =15070c.
7.755 - 2.88
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Na20, even though it is heavier than sodium, will tend to float on
the aurface of molten sodium at temperatures below 1250 0. Above this tem-
perature, however, the sodium will wet the Na20 and the latter will sink
in the molten sodium, forming a sludge which can be filtered out.
2. Sodium and Water.
Sodium and water react in accordance with the following equation:
This is quite an explosive reaction. In an inert atmosphere this
explosiveness is caused by the rapid generation of hydrogen and steam
and the sudden release of heat. If air is present there also exists the
rapid reaction of hydrogen and oxygen. Research is being done at the
present time by the Naval Research Laboratory on the speeds of these
reactions.
5. Sodium and metallic Oxides.
In general, sodium will react with a metallic oxide in accordance
with the following equation:
There are many metals whose oxides are reduced by sodium and others
which can reduce Na20 to free sodium. The direction in which the reaction
proceeds depends upon whether the free energy of formation of the metallic
oxide is greater or less than the free energy of formation of Na20.
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VIII.CORROSION
Corrosion by sodium is such that it must be considered in designing
a sodium system. It has been determined that the corrosion rate of sodium
is directly proportional to the oxygen content in the liquid metal. Na20
will cause corrosion with the possibility of pipe plugging caused by cor-
roded particles. This is extremely undesirable and must be avoided if it
is desired to have a system which demands little maintenance attention.
The problem of reducing Na20 content in sodium must be faced if a
sodium coolant is to be used. Oxygen content in sodium can be reduced to
approximately .06% by fine filtration. Such degree of purity in sodium
will only give fair results in the battle against corrosion. It has been
determined that purity in the range of .01% oxygen or less will be needed
in order to assure that the sodium system will be free of plugging over a
reasonably long operating period. Techniques for preParing sodium of this
purity are now being investigated and at the present time it appears that
distillation and the use of a "getter" such as calcium are the most ef-
. fective methods. This is one of the problems which must be solved before
sodium can be used as an efficient heat transfer medium.
The corrosion rate of Na20 on iron is as follows at 5000 0.:
%000 0 = 2 x 10-S mg/cm2,hr. for sodium which is saturated with oxygen.
In general the corrosion rate follows the curves shown in Figure 5.
In this Figure, S1 is the maximum corrosion that will take place at a
specified temperature after an elapsed period of time such that no further
corrosion will take place with increase in time.
The curves plotted in Figure 6 are the results of dynamic corrosion,
i.e., corrosion in which the corroding fluid is in a state of motion past
the corroded metal. The results of a static corrosion test for sodium
reveal the curve shown in Figure 5.
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Let us compare the solubility of iron in liquid sodium and in li-
quid mercury. We shall consider the sketch in Figure 7•
In this Figure we note that the iron atoms are vigorously attacked
by mercury surface layer, and that they move from the solid iron to this
layer rapidly. But in going from the mercury surface layer to the mercury
they travel slowly.
In the case of sodium, these steps are reversed, the iron atoms first
travelling slowly and then rapidly into the liquid sodium.
The summation of the two processes we call the solubility, and the
first step in each case we call the corrosion. From an analysis of Figure
7, we learn that even though the solubility of iron is greater in sodium
than it is in mercury, the corrosion of iron is less in sodium than it is












---+J Rapid Transfe~ of Iron ,Atoms.-








Corrosion and Solubillty'o.f Ir~
LiqUid Mercury.
, '." "J




'. 'f; , -
IX. HANDLING
The handling of sodium is inherently dangerous. The seriousness of
the effects of mixing sodium with water are such that all precautions
must be taken to prevent water from coming in contact with the sodium.
Personnel who are handling sodium must at all times wear protective gog-
gles to guard their eyes from flying sparks from the sodium. Asbestos
clothing will protect other parts of the body from ignited sodium.
The safety measures for handling sodium call for the quick availa-
bility of sodium fire extinguishers in the event that a sodium fire
should start. Smothering has proved to be the most effective means of
extinguishing a sodium fire. The smothering material must be dry in order
to be effective. Rock dust (CaCOS) and KCI are both very good for this use
and have been very effective in fires which I have observed. Rock dust is
conceded to be superior in extinguishing sodium fires. The following com-
parative results have been obtained, which illustrate the extinguishing
properties of KCl and CaC05 :
Quantity of Dust
Na ignited, 1bs. ~
Propellent Extinguishing Quantity of












Because of its violent explosiveness with water, sodium must be con-
tained in a system which has a very high degree of tightness. Liquid sod-
ium is very penetrating, so that it will find cracks, holes, and passages
in walls that are normally resistant to water flow. For this reason all
welded joints in the sodium system must be tested for integrity with the
mass spectrometer, and imperfect welds must be corrected before the 1i-
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quid. metal ia admitted. This is a slow and tedious process which must
be placed on the check-off list of any sodium system.
When sodium is being stored, it is good practice to place an inert
gas above the sodium. Temperature and humidity conditions should be such
that sweating on the inside of the conta;iner will be prevented. If sweat-
ing should occur in the sodium side of the container, the resulting ex-
plosion might be disastrous.
The protection against sodium at 550 and 5500 C. offered by articles























Before stating our decision as to the feasibility of sodium as a
heat transfer medium, let us look at the desirable qualities which we
consider such a medium should have. These qualities are listed as fol-
lows:
1. The heat transfer medium should have a minimum possible volume.
Sodium satisfies the volumetric requirement fairly well. Lead would re-
quire less volume, and helium would require many times more volume.
2. It should be circulated at a reasonable velocity. Sodium is fair
as regards velocity. The velocity of lead is less than that of sodium;
that of helium is excessive.
S. There should be low power consumption in pumping. Sodium is ex-
cellent insofar as it requires very little pumping power as compared with
the other elements. In this respect sodium is outstanding.
4. It should have a high heat transfer coefficient, and high coef-
ficient of thermal conductivity. In both of these qualities, sodium is
better than many of the possible heat transfer media, and in general
t~ese qualities are considered good for sodium.
5. The temperature of the heat source should not be excessive. This
temperature level is lower for sodium than for lead, mercury, and helium.
6. The melting point should not be high, and the boiling point
should not be too low. Sodium has a good range of melting point to boll-
ing point. The span is better than for most elements, with the melting
point fairly low, 97.50 C.
7. The heat transfer medium must not corrode the materials with
which it comes in contact. The corrosion hazard is always present in
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sodium and great care must be taken to eliminate this corrosion potential
by reducing the amounts of oxygen present in the sodium.
8. It must be at a low pressure. High pressures are not necessary
for sodium. Gases must have high pressures unless the volumes are very
great.
9. It must be easy to handle. Sodium is difficult to handle, and
this is one of its principal drawbacks, together with its explosiveness
when mixed with water.
10. It must be available in the required amounts. Availability of
sodium is good. DuPont Company is the principal supplier of sodium in
the bulk. This product, however, must be purified by one of the process-
es mentioned before it can be used as a heat transfer medium.
It would be difficult to discover a liquid which would posses all
of the above qualities. If such were the case our heat transfer problem
would not exist. Since we do not have such a liquid we must select one
which possesses good promise as a heat transfer medium.
It is considered feasible to use sodium as a heat transfer medium
if proper precautions are taken in its handling. The potential danger
which is ever prevalent in sodium is its main disadvantage, and if this
disadvantage can be overcome by adequate safety measures, sodium can be
a very good heat transfer medium for use at high temperatures. Adequate
safety measures are deemed possible.
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